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ABSTRACT
Concerns regarding climate change impacts, energy security and sustainabil-
ity are key drivers of the growing deployment of renewable energy resources.
The variability, uncertainty and intermittency associated with the integra-
tion of these resources make the operation of the conventional power grid
particularly challenging. Energy storage resources (ESRs) are one of the
most promising solutions to address these challenges. The unique and versa-
tile nature of storage finds its use in applications over a broad time spectrum.
Furthermore, fast acting storage helps smoothen out the variable renewable
output, minimize spillage of clean energy and manage the steep ramps as-
sociated with renewable energy integration. Storage also finds its use across
all three domains of the electrical network, i.e., generation, transmission and
distribution.
Notwithstanding the myriad applications of storage in the electricity grid
and the environmental benefits it provides, the pace of storage deployment
has been slow due to its high costs. However, various regulatory initiatives
such as the California Public Utilities Commission (CPUC) mandate along
with technological developments and cost reductions have invigorated the
interest in the storage sector.
The rapid growth of the storage sector is met by daunting challenges to
the implementation of storage in the grid, especially since storage is very
different from the conventional grid assets. The nature of storage is unique
and its implementation has to be treated as such to fully harness the value
it brings to the system it is integrated into. To this end, we outline a frame-
work in this thesis for the integration of energy storage resources into the
grid. The framework provides a systematic construct to study the various
aspects of ESR integration in a system. The framework is comprehensive
as it reflects the physical, information, environmental and financial aspects
of storage operations. The thrust of the framework is its flexibility to ac-
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commodate the wide range of applications that storage provides on different
time-scales. Furthermore, the framework explicitly captures the nature of
deployment of storage for a particular application and shows the necessary
interactions between ESR and the various players that interact with the ESR.
Case studies to illustrate the implementation of the information, environ-
mental and financial layers of the framework are also presented in the thesis.
First, we discuss the requirements for the design of the information layer and
provide some suggestions with respect to communication technology and pro-
tocols that can meet the requirements. Next, we delve into the economics of
ESRs and evaluate the costs of services provided by a battery energy system.
The results show that when the versatile nature of storage is exploited to
provide multiple services to the grid, the cost of services is competitive with
those of conventional grid assets. However, the intensive usage of BESS to
provide multiple services may accelerate its degradation and shorten its life,
thus impacting the cost of service provision.
Finally, we made use of the framework to study the environmental im-
pacts of storage, specifically electric vehicles (EVs) — vehicles that are fully
powered by electricity stored in batteries. These vehicles have zero tailpipe
emissions and are touted to be environmentally clean. However, our findings
from the quantification studies indicate that in certain areas of usage, EVs
may be more polluting than a conventional gasoline vehicle when the total
emissions associated with the generation of electricity to its consumption at
the EV are considered; thus, the notion of environmental cleanliness of EVs
becomes questionable.
The studies and their results establish that the framework is an extremely
useful construct for the development of tools and models to aid in planning
and operational studies and the formulation of policy and incentives and as
such, is helpful in bringing the vision of energy storage closer to reality.
iii
To my parents, for their love and support
iv
ACKNOWLEDGMENTS
First, I would like to thank Prof. Sauer, whose guidance and support has
helped me in the completion of this thesis. Next, I would like to thank Prof.
Gross for being a mentor and instilling valuable traits in me.
Special thanks to Kirtikar. His love, patience and support gave me the
strength to sail through tough times. I am grateful to Siddhartha, Hanchen
and Francesco, whose inputs on research have been valuable and with whom
I have enjoyed discussions on a variety of topics. I would also like to thank
Sharanya, Raghav and Naren who have helped make graduate life more lively.
In addition, I would like to express my gratitude to Mariola, Jiordi, Raj and
other members of the Power and Energy Systems group for being a second
family in a foreign land.
Finally, I am deeply indebted to my parents for having been my pillars of
strength at each step of my life. I feel fortunate every moment to have been
born as their daughter.
v
TABLE OF CONTENTS
CHAPTER 1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . 1
1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . 1
1.2 Survey of State of Art . . . . . . . . . . . . . . . . . . . . . . 4
1.3 The Scope and Nature of the Contributions of the Thesis . . . 5
1.4 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . 6
CHAPTER 2 ENERGY STORAGE: PHYSICAL CHARACTER-
ISTICS AND APPLICATIONS . . . . . . . . . . . . . . . . . . . . 8
2.1 Storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2 Deployment and Applications of Storage . . . . . . . . . . . . 11
2.3 Storage Ownership . . . . . . . . . . . . . . . . . . . . . . . . 12
CHAPTER 3 FRAMEWORK FOR THE ASSESSMENT OF STOR-
AGE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.1 Framework Entities . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2 Proposed Framework . . . . . . . . . . . . . . . . . . . . . . . 16
CHAPTER 4 FRAMEWORK IMPLEMENTATION THROUGH
CASE STUDIES . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.1 Information Layer Implementation . . . . . . . . . . . . . . . 19
4.2 Financial Layer Implementation . . . . . . . . . . . . . . . . . 21
4.3 Environmental Layer Implementation . . . . . . . . . . . . . . 24
4.4 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . 31
CHAPTER 5 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . 33
5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
APPENDIX A THE TESLA POWERPACK LCOE ANALYSIS . . . 35
APPENDIX B EVEI FORMULATION . . . . . . . . . . . . . . . . 38
B.1 Considerations in the EVEI Formulation . . . . . . . . . . . . 38
B.2 Mathematical Formulation . . . . . . . . . . . . . . . . . . . . 41
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
vi
CHAPTER 1
INTRODUCTION
In this chapter, we establish the setting for the problems we deal with in the
thesis. We start by discussing the motivation for the work presented in the
thesis. We also give the current state-of-the-art in both academic research
and industry developments in the field of the thesis. We then present the
main contributions of the thesis and provide a brief outline of the remainder
of the report.
1.1 Background and Motivation
The electricity business is unique as it is the only industry sector that sells a
commodity – the MWh – without sizeable inventory. The storage capacity of
today’s power system lies principally in hydro and thermal storage systems,
and so is highly seasonal in nature. The dearth of utility-scale storage in
today’s power system drives electricity to be a highly perishable commodity
whose production is the prototypical just-in-time manufacturing system. As
such, adequate generation capacity has to be maintained to meet the daily
and seasonal variations in load. These variations are significant, as shown in
Fig. 1.1. The operation of the conventional power grid to meet these varia-
tions has many limitations; the last MWs of incremental peak demand are
met by polluting and inefficient power plants, the reserves requirements are
met by expensive and polluting fossil-fired generators and renewable gener-
ation has to be spilled whenever the supply exceeds the demand.
The problem of lack of flexibility in grid operations has become increasingly
severe owing to the legislative/regulatory initiatives in various jurisdictions
that stipulate specific renewable portfolio standards (RPS), with the dates
by which they must be met [1]. The key goal of these initiatives is to re-
duce greenhouse gas (GHG) emissions and result in a cleaner environment.
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Figure 1.1: Typical weekly seasonal load patterns : ERCOT 2005
The deepening penetrations of integrated renewable energy resources bring
with them: the pressing need for adequate ramping capability in controllable
resources, the variability, intermittency and uncertainty associated with re-
newable outputs and an increased need for regulation resources for flexibility
in grid operations. These issues have made the operation of the conventional
power system significantly more challenging.
Energy storage offers a one-stop solution to the myriad challenges that
are diverse in nature. A grid with increased storage capacity may offer ma-
jor benefits, such as the time-shift of energy utilization to shave the peak
demand, improved harnessing of energy from renewable resources and re-
duction in the reserves requirements that must be met by fossil-fired power
plants that pollute. As such, several environmental benefits are touted to
accompany the deployment of storage. Furthermore, the integration of en-
ergy storage resources (ESRs) raises system reliability, improves operational
economics and provides operators with additional flexibility to optimize grid
operations and manage grid congestion. Storage also helps to smoothen the
renewable outputs and to fully harness renewable energy. The fast ms - order
storage response can effectively meet the steep raise/lower ramping require-
ments associated with the integration of renewable resources. Additionally,
storage provides a regulation source that responds 2 - 3 times faster than a
gas turbine and addresses the need for controllable resources to manage grid
operations. Storage also has numerous applications in both short-term and
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long-term planning and in operations over a broad time spectrum. These
applications span the generation, transmissions and distribution domains.
The nature of storage is unique in terms of the impact it has on the grid;
it can function as a generation resource or a load at a point in time or be
neither. Storage can be deployed at the bulk power level or in the distribution
network as a distributed energy resource (DER). As such, storage can play
the roles of generation, transmission and distribution assets. Storage is also
integral to the development of grid-connected and autonomous microgrids.
Notwithstanding the multiple benefits that storage offers and its unique
and salient features, the pace of ESR deployment has been very slow in the
past mainly due to the high costs of the technology. However, in the past
decade, technological developments, cost reductions and regulatory initia-
tives have invigorated the interest in storage. A key example is the recent
California Public Utilities Commission (CPUC) mandate to deploy 1,325
MWs of cost-effective energy storage by 2020 in California, which consti-
tutes a big push for the storage sector [2]. The CPUC Decision stimulus is
likely to spread to other regions and engender similar measures that may lead
to further cost reductions. Because of all the various activities underway, we
can expect a massive deployment of large-scale grid-connected energy stor-
age as well as in the vehicle fleet as electric vehicles (EVs) over the next few
years. By 2020, the U.S. energy storage market is expected to be $2 billion,
a fifteen-fold increase from 2014 and a five-fold increase from 2015 [3].
The unique nature of storage creates challenges to its implementation,
since the current regulations, models and tools used for conventional grid
assets either cannot be applied to storage or cannot fully capture the value
that ESR deployment provides to the grid. As such, the explosive growth of
storage presents needs for a framework that treats storage as a unique grid
asset and captures all the aspects of its implementation.
In this thesis, we directly address the need for such a framework. The
framework is built to represent storage as a versatile and unique grid asset.
The framework design is comprehensive as it represents the different aspects
associated with storage deployment: the ownership of the ESR, the system
it is integrated into, the services that it provides to the system and the
nature of interactions with other players in the system. The framework is
one of the first to provide a systematic construct for the study of ESRs.
Additionally, illustrative studies for the implementation of key components
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of the framework are also detailed in the thesis.
1.2 Survey of State of Art
In this section, we elaborate on the state of the art in the industry and
in academia. There are currently 1,014 energy storage projects operational
throughout the world with a total capacity of 146,135 MWs, the majority of
the capacity of which lies in pumped hydro. However, in the past decade,
innovations in areas such as flywheels, battery vehicles (BVs), compressed air
energy storage (CAES) and utility-scale batteries have spurred the deploy-
ment of these technologies. The growing interest in storage has also been
accompanied by price reductions, and the decline in prices is expected to
follow the PV solar trend.
The Powerwall and Powerpack Li-ion batteries for residential and utility-
scale storage systems respectively announced by Tesla CEO Elon Musk con-
stitute another key development for the storage sector. These batteries will
be manufactured in the Nevada Tesla Gigafactory, whose planned 2017 bat-
tery production will provide 35 GWh of energy storage capability. The Pow-
erpack unit is priced at 250 $/kWh and is much lower than the prevailing
500 - 1,450 $/kWh costs for battery storage.
Transportation sector is another area where storage is gaining momentum.
As a consequence of efforts to reduce GHG emissions through electrification
of transportation sector, the past decade has seen an increase in sales of BVs
– electric vehicles (EVs), hybrid electric vehicles (HEVs) and plug-in hybrid
electric vehicles (PHEVs) – that are fully or partially powered by batteries.
Additionally, the use of bi-directional power flow interconnections of the BVs
under the V2G framework allows aggregations of BVs to constitute a storage
project whose total capacity and capability can provide a valuable resource
to the grid [4].
In terms of legislation, some progress has been made to recognize the
unique nature of storage. FERC Order 755 that requires fast responding
ESRs to be compensated for performance represents one such important
milestone.
In academia, studies of the impacts of energy storage deployment in the
grid include [5–11]. These works describe the technology options available
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to store energy, the costs of each technology and the assessments of costs of
the services provided and the benefits that integration of storage brings to
the system. Studies in [12–14] assess the environmental impacts of storage
deployment and operations. [15] describes the regulatory and policy issues
related to the deployment of storage.
While the work reported in the literature has been very useful, a blueprint
is absent to provide a systematic basis to assess and compare the ESRs. The
blueprint must provide sufficient detail about the various aspects of storage
integration that need to be implemented to successfully integrate ESRs into
the grid and capture the nature of its operations.
1.3 The Scope and Nature of the Contributions of the
Thesis
In this thesis, we propose a conceptual framework to study the integration
and operations of ESRs in the grid. The framework is comprehensive, as it
encompasses the deployment of storage across various domains of the grid.
For a given setting, the framework captures the different aspects of storage
deployment including operation of the ESR to provide various services to
the environment it is integrated in, the information flows needed for the
provision of these services, the payments/billing for these services and the
environmental impacts of the operations to provide these services. As such,
the framework is built so as to explicitly represent the interactions of the
storage with the system and the various players in that system. Furthermore,
we provide an interface for better integration of the ESRs into the grid. Such
an interface is imperative, since the existing power system is undergoing many
changes so as to integrate smart grid technologies. The framework has useful
applications in planning and operational studies, and in policy formulation
which are discussed in detail in the thesis.
Additionally, we present the implementation of key components of the
framework. We discuss the communication requirements associated with the
information layer and propose technologies and protocols that meet these
requirements. We also provide two case studies that focus on the economics
and environmental aspects of ESRs. In one, we evaluate the cost of various
services provided by ESRs. We perform our study on a Battery Energy
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Storage System (BESS) providing multiple services. The study is insightful
as it reveals that ESRs are cost-effective when their multiple use-cases are
taken into consideration and the capital and variable costs to each service
are appropriately allocated. However, owing to the physical characteristics of
the battery, we note that a tradeoff exists between maximizing the utilization
of the BESS and minimizing its degradation.
Furthermore, we assess another facet of storage deployment, i.e., the envi-
ronmental aspect. We choose EVs for the purpose of assessment. We develop
a useful metric for the meaningful quantification of environmental impacts
of EVs. Our metric, the Electric Vehicle Emissions Index (EVEI) quantifies
the emissions associated with the usage of EVs. The EVEI provides trans-
parency in the evaluation of environmental impacts of the EV through the
explicit consideration of resource mix, loss components and fuel economy.
We present results to illustrate the variation of EVEI of the Nissan Leaf
within the United States. Our studies show that in certain areas with fossil
intensive resource mixes; the EVEI of the Leaf may be greater than one,
indicating that it is more polluting than the gasoline vehicle (GV) taken as
reference. We also perform sensitivity studies on the EVEI metric to observe
the impact of fuel economy on the emissions of an EV. The results of the
study provide useful insights for the design of policy and incentives.
1.4 Outline of the Thesis
This thesis is organized as follows: in Chapter 2, we delve into the physical
characteristics of the ESRs, the nature of their deployment in the grid, the
applications and the time scales on which they occur and the stakeholders
of ESR to better understand the aspects of ESR integration that the frame-
work needs to represent. In Chapter 3, we describe the proposed framework
to explicitly represent these aspects associated with ESR deployment. We
elaborate on the interactions of the ESR with its environment. In Chapter 4,
we illustrate the implementation of the key components of the framework.
We provide suggestions to meet the information needs associated with stor-
age deployment. We also make use of case studies to quantify the financial
and environmental aspects of ESR integration. In one, we evaluate the costs
of services provided by a battery storage system to demonstrate the imple-
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mentation of the financial layer. In another, we present the case study of
EVs and evaluate their true environmental impacts through the EVEI met-
ric. We conclude our contributions and provide directions for future work in
Chapter 5.
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CHAPTER 2
ENERGY STORAGE: PHYSICAL
CHARACTERISTICS AND APPLICATIONS
In this chapter, we lay the groundwork for the development of the proposed
framework. We describe the physical characteristics of storage and the ap-
plications of storage in the grid. We also describe the various domains where
the storage may be deployed and the scope of the services it can provide
in that domain. We end the chapter with a discussion of the various enti-
ties that can be stakeholders in the ESR and which the framework needs to
represent.
2.1 Storage
The ESR is at the heart of our framework. As such, we devote this section
to elaborate upon its physical characteristics.
The physical description of any ESR comprises of a minimum of three pa-
rameters: technology, capacity and capability. With regard to technology,
numerous options are available to store energy today. While conventionally,
pumped hydro and thermal energy storage (TES) have been the most widely
used for bulk-energy storage, the past decade has seen technological inno-
vations in battery energy storage systems (BESS), flywheels, compressed
air energy systems (CAES) and superconducting magnetic energy storage
(SMES). These technologies are being increasingly deployed in the power
grid. As can be seen in Fig. 2.1, the technology of an ESR determines its
operational, performance, and durability characteristics and, consequently,
the suitability for a given application. Pumped hydro and CAES have higher
storage capability that suits them to energy applications, such as timeshift
and renewable capacity firming. On the other hand, technologies such as
flywheels and capacitors that have a very fast response but a relatively low
energy-to-power ratio are ideal for capacity-based applications such as reg-
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ulation, voltage support and provision of virtual inertia. BESS have both
a considerable storage capability and fast response due to which they are
gaining popularity.
Figure 2.1: Comparison of various storage technologies [10]
The storage capacity and the capability are two other key parameters used
to describe an ESR. While the two have been used interchangeably in the
literature, they are distinct and must not be confused with each other. The
capacity of an ESR, measured in MWs, is the rate at which an ESR can
charge/discharge energy. On the other hand, the term capability is used to
refer to the ability of an ESR to store energy and is measured in MWhs. To
this end, the framework must accommodate the structural characteristics of
the ESRs including variations in technology and physical characteristics.
Having detailed some of the key terms used to describe an ESR, we can
now proceed to talk about the ESR operations. Physically, at any point in
time, an ESR can be in any one of the three phases — charging, discharging
and idle — as depicted in Fig. 2.2. In the charging phase, the ESR acts
as a load while in the discharging phase, the ESR assumes the role of a
generation resource. The ESR is neither a load nor a supply when it is in the
idle phase. As such, the phase of the ESR determines its impact on the grid.
In addition to the phase, another important parameter in the ESR operations
is the actual amount of energy stored in an ESR at any point in time. The
metric most commonly used to indicate this is the state of charge (s.o.c.).
The s.o.c. represents the amount of energy stored in the ESR as a percentage
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of the total storable energy. It varies from 0(0%) when the battery is fully
discharged to 1(100%) when the ESR is fully charged and provides a measure
of how much energy is stored in the ESR. The ESR operator monitors the
value of s.o.c. to evaluate the services that the ESR may provide to the grid.
The s.o.c. typically decreases when energy is withdrawn from the ESR and
increases when energy is absorbed by the ESR.
Figure 2.2: The three phases of an ESR
In addition to the parameters described above, there are some other as-
pects of interest specific to batteries. A critically important one is battery
degradation, i.e., the decrease in storage capability that results from each
cycle of charging and discharging the battery. Typically, a battery is said to
have reached the end of its life when its storage capability has decreased to
80% of the original value. The life of a battery is specified as the number of
cycles at a given depth of discharge and is referred to as the cycle life. The
cycle life depends on the minimum s.o.c. attained in a given discharge cycle,
otherwise known as the depth of discharge of the battery. Generally, the
deeper the depth of discharge, the less the cycle life of a battery. Strategies
available in the literature aimed at maximizing the life of batteries generally
make use of the state of health (s.o.h.), which ranges from 1 to 0 and repre-
sents an approximation of the normalized capability of a battery. A value of
0.8 represents the inferior limit for the s.o.h. and indicates the end of life for
a BESS.
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2.2 Deployment and Applications of Storage
In order to understand the interactions that the ESR has with the system
it is integrated into, it is necessary to understand the nature of storage de-
ployment in the grid. Typically, an ESR can be deployed at the transmission
level, the distribution level or at the customer side of the meter. At each of
these points of interconnection, the ESR can provide a set of services.
At the transmission and distribution levels, storage can defer investments
in new T&D assets. Furthermore, storage can time-shift energy stored during
periods of low load to shave the peak loads and delay the start-up of cycling
units. Storage can absorb renewable energy during periods of excess supply
and discharge it during peak load periods. By doing so, storage can displace
generation from dirty fossil-fired peaker plants with cleaner renewable energy.
Storage can provide a wide range of ancillary services as well. These services
include voltage support, demand response, reserves, frequency regulation and
black start. Additionally, ESRs can provide virtual inertia service to replace
the missing inertia in grids with integrated renewable resources.
Figure 2.3: Energy storage applications
At the customer end of the meter, storage may be used to provide backup
power and aid in bill management of systems that are on time-of-use rates or
that incur demand charges. Furthermore, storage can also be used to absorb
power generated in excess of demand from rooftop PV systems. Additionally,
11
storage as a DER finds roles in the development of autonomous, community
and grid-connected microgrids. Storage in EVs can be useful to grid as a
DER and through the V2G framework.
We see from Fig. 2.3, that the services provided by the ESR find applica-
tions in planning to short-term operations to near real-time operations. The
need to represent such applications that take place on very different time
resolutions adds to the complexity of framework development.
2.3 Storage Ownership
With regard to ownership, ESRs present a very different case from that of
conventional grid assets, where typically the nature of ownership is either
clear, or is stipulated by jurisdiction. We devote this section to describe the
various entities who can own an ESR.
As is evident from the vast number of ESR applications, several stake-
holders stand to benefit from owning an ESR. One is the ISO/RTO which
may deploy ESRs to optimize grid operations. A second is the distribution
company which may use ESRs to defer investments in upgrades of their cir-
cuits, to avoid purchasing expensive electricity or for voltage support. Next
are the third parties who may invest in storage to compete in the electricity
markets for providing energy and capacity services to the ISO. Additionally,
stakeholders may be entities that own renewable energy farms who would like
to minimize spillage of renewable output and are required to meet the inter-
connection requirements of the ISO. Businesses and developers interested in
development of microgrids can also be stakeholders in ESRs. Furthermore,
ESRs could be deployed behind the meter by industrial, commercial and res-
idential customers for having back-up power, reducing their electricity bills
and increasing PV self-consumption. Lately, players like aggregators have
come into being from the V2G concept, who do not own storage, but may
collect the EVs by attracting and retaining them so as to result in a sizeable
capacity that can offer services to the grid.
The development of the framework must be done so as to encompass the
various ESR applications and the different stakeholders that deploy ESRs
for those applications. To this end, the framework proposed in Chapter 3
is comprehensive, as it has been designed to be flexible so as to be able to
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represent the different settings in which an ESR is deployed. Furthermore,
within the scope of a setting, the framework can depict the interaction of
the ESR with various players of that setting and the different services that
it can provide to the system.
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CHAPTER 3
FRAMEWORK FOR THE ASSESSMENT
OF STORAGE
We start by explaining the terms used to describe the physical entities in
the framework. We also talk about the various players that interact with
the ESR in the framework and their roles and responsibilities. Once the
real–world situation has been described, we start by building the framework
which consists of physical, information financial and environmental layers.
3.1 Framework Entities
In this section, we describe the various physical entities in the framework
and the players, who interact with these entities.
The development of a framework necessitates a description of the physical
systems that interact with the ESR. In our work, we use the term grid to
refer to the electrical network in which storage is deployed. The network is
the transmission grid in some cases, the distribution grid for storage deploy-
ment at the bulk power level. For DERs and EVs, the grid pertains to the
distribution system. Furthermore, for scenarios that involve the deployment
of storage off the main grid, such as in autonomous microgrids, the grid refers
to the electrical distribution network that is off the main grid.
The role of an interface between the ESR and the grid is performed by
the embedding environment. In our work, the term embedding environment
refers to the set of resources having an interconnection to the grid that in-
teracts with the ESR . Depending on the storage application, an embedding
environment may or may not be needed. We provide two examples to aid
in clarity of the reader. One example is the application of storage to defer
transformer capacity upgrades, in which the substation serves as the embed-
ding environment of the storage in the distribution grid. Another example
is the application of storage for wind capacity firming, where the wind farm
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acts as the embedding environment to the storage with the grid of interest
being the transmission/distribution network.
Having described the physical entities, i.e., the ESR, embedding environ-
ment and the grid, we have now set the stage to describe the players of the
framework. A good starting point is the description of the storage owner
who is the entity that finances the investment/capital costs associated with
storage deployment. The storage owner is entitled to receive the revenues
generated from the services provided by the storage. However, the respon-
sibility of making operational decisions and the maintenance of the ESR
lies with the storage operator. The storage operator may be paid for their
services by the storage owner.
Another player in the framework is the grid operator, the entity that makes
decisions regarding the grid operations and in certain cases, effectively uti-
lizes the new degrees of freedom which the ESR provides. If the grid of
interest is the bulk power grid, the grid operator is an entity independent
of the electrical network and each entity that uses the grid. Additionally,
an embedding environment operator is also a player in the framework and
is needed if an embedding environment is present. The role of the embed-
ding environment operator is to control and manage all the resources in the
embedding environment to ensure that all contracted obligations are met.
Furthermore, the embedding environment operator ensures that all services
provided by it as well as the ESR are in accordance with the requirements
of the grid operator.
Table 3.1: Deployment of storage in different settings
ESR application ESR owner embedding environment grid
transformer upgrade
deferral
distribution
company
substation
distribution
grid
autonomous µg
development
µg developer µg network µg network
bill reduction
retail electricity
customers
building whose bill
is to be reduced
grid
ancillary services speculator
transmission/
distribution grid
transmission/
distribution grid
renewable capacity
firming
renewable farm
owner
renewable
energy farm
transmission/
distribution grid
A few use cases of storage have been provided in Table 3.1 and the frame-
work entities have been identified in each case.
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With the key players and systems described, we are now able to describe
the proposed framework in Sec. 3.2.
3.2 Proposed Framework
Conceptually, the framework can be viewed to consist of four layers: the
physical layer, the information layer, the financial layer and the environmen-
tal layer. Flows in the framework can be commodities, services, information
or dollars. These flows represent the interrelationships between players.
We begin the description of the framework at the physical layer, which we
use to embed the ESR, the embedding environment and the grid in which the
ESR is deployed. The flows in this layer are the physical commodity flows,
i.e., the MWhs. The energy and capacity services provided by the ESR to the
embedding environment and/or the grid can be viewed to flow on the physical
layer, as indicated by the MW and MWh links in Fig. 3.1. The physical layer
provides a snapshot of the steady-state network in terms of its topology and
parameters to which the storage power/energy injections/withdrawals are
made.
In addition to the physical layer, the smart grid implementation intro-
duces another layer - the information layer - for the communication, control
and information needs so as to provide the measurement monitoring data,
the grid/embedding environment operator requests/commands and the ex-
change of all required information/communication between the storage oper-
ator and the other players. This layer is provided by the computer/ commu-
nication/control infrastructure and enables the monitoring of the ESR and
management of command and control signals to the ESR. The storage oper-
ator uses the monitored values of the ESR such as the s.o.c. and s.o.h. to
determine the services that the storage is capable of providing the embed-
ding environment/grid and assesses the need for these services through bi–
directional communication with the embedding environment/grid operator.
The signals corresponding to the provision of services are then transmitted
to the ESR through the information layer. Information flows are indicated
by blue dotted lines in Fig. 3.1. The information layer also keeps track of
the necessary information for the billing/payments of services.
The layer that captures the impacts of storage deployment and opera-
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tions on GHG emissions is the environmental layer. Using the information
available with the grid operator, the environmental layer evaluates specific
emission–related attributes of the various resources in the grid and thus is
able to quantify the cleanliness(dirtiness) of the ESR. This information is
then updated in the information layer. This information can be used by
the financial layer to compute incentives/taxes corresponding to environ-
ment specific policies. Additionally, the environmental layer is also able to
evaluate other impacts of ESR integration, such as the spillage of renewable
energy avoided, the MWhs of fossil– fired generation displaced by cleaner
energy, the million metric tonnes of GHG emissions reduced from electrifica-
tion of transportation etc. using specific system level data available with the
grid operator.
Figure 3.1: The proposed framework for the assessment of integrated ESRs
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The financial layer is responsible for handling the dollar flows. These flows
include billing and payments for the services provided by storage. Dollar
flows are indicated by the green dotted lines in Fig. 3.1. ISO commodity
markets, financial markets, banks, third–party financial settlements are a
few examples of financial layer implementation. Furthermore, the financial
layer keeps track of the credits and incentives to be awarded to the ESR for
reducing emissions. In case the operation of the ESR contributes to an in-
crease in emissions, the financial layer determines the appropriate penalties
and taxes to be levied from the storage operator. As such, the operation of
the financial layer is aided by both, the information layer and the environ-
mental layer.
The proposed framework is comprehensive as it includes the necessary
modules and interactions to describe storage deployment and operations un-
der a wide range of settings. Thus, the framework is highly useful for the
development of new models, tools and evaluation metrics for ESRs. Fur-
thermore, the framework provides a useful construct to the ESR operator in
the investigation of the various aspects of ESR operations and in the formu-
lation of operational paradigms accordingly. The framework also provides
a roadmap for planning studies, that must be undertaken with the explicit
consideration of impacts of ESR operations on the system. Additionally,
the framework aids in the meaningful design of policies and formulation of
incentives pertaining to specific aspects of ESR operations. We provide spe-
cific examples of framework implementation in Chapter 4 to illustrate the
applications of the framework described above.
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CHAPTER 4
FRAMEWORK IMPLEMENTATION
THROUGH CASE STUDIES
In this chapter, we present case studies to show how the framework can
be implemented. More specifically, we present results to illustrate the im-
plementation of the information, financial and environmental layers of the
framework. We identify technologies that meet the communication require-
ments associated with ESR integration. Next, towards the implementation
of the financial layer, we evaluate the costs of various services provided by
an ESR and demonstrate their cost-effectiveness. We then propose the EVEI
metric for the quantification of environmental impacts associated with EV
usage to illustrate the implementation of the environmental layer. Finally,
we end the chapter with some concluding remarks.
4.1 Information Layer Implementation
The wider deployment of ESRs in the smart grid demands implementation
of a robust computer/control/communication network in order to enable in-
formation flow possible between the ESR and the ESR operator and between
the ESR operator and the embedding environment/grid operator(s). The
ESR operator needs communication infrastructure to continuously monitor
the physical parameters of the ESR in order to assess the ability of the ESR
to provide various services and to ensure the actual provision of services. Ad-
ditionally, communication links are required for the transmission of control
signals from the embedding environment and grid operators so as to drive the
ESR to perform the desired actions. The communication infrastructure also
serves to provide interfaces for data logging for later use in billings/payments
of services and for various studies. A few desirable characteristics of a robust
communication system include:
• cost-effectiveness: deployment of the network must be economical
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• low latency: electricity travels at the speed of light, and as such, the
network must ensure the fast delivery of various commands and control
signals
• flexibility and extendibility: the network accommodate ESR projects
that may be integrated into the system in future
• high reliability: the network must have high reliability as failure of
communication links may impede the timely provision of services
• security: the communication network must ensure availability of infor-
mation to entities with authorized access and provide security against
cyber-physical attacks
In addition to the above characteristics the computer/communication/
control network must have the capability to transmit data on a very frequent
periodic basis to perform the range of services required for ESR integration
into the grid. Ethernet is one of the most mature technologies to implement
the communication network for a wide range of geographical sizes and pos-
sesses all the features that are described above. Wireless technologies such
as Zigbee may also be used for short-range communication.
In addition to the computer/communication/control network, a set of stan-
dards, specifications and protocols is required for the communication of ESR
information between the various players of the framework. The use of stan-
dards allows the interoperability of ESRs manufactured by different ESR
manufacturers. These standards must support the various storage technolo-
gies and the different data that must be transmitted. We provide in Table 4.1
a summary of the type and nature of the information that must pass through
the network.
Table 4.1: Nature of data that are transmitted from ESR to the ESR
operator
data nature data type
ID a unique identifier characterizing the ESR alphanumeric
connection status value that identifies if ESR is online/oﬄine Boolean
s.o.c. a decimal value between 0 and 1 unsigned float
s.o.h. a decimal value between 0 and 1 unsigned float
power power flow in and out of the ESR signed float
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MESA [16] is an upcoming open, non-proprietary set of standards and
specifications for energy storage systems that meets the requirements de-
scribed above built on the Modbus protocol. MESA, developed by SunSpec
Alliance, describes the data models and modbus register mappings for stor-
age devices used in stand-alone energy storage systems. MESA also provides
specifications for the power conversion system/inverters installed with the
ESRs. The base models described in MESA are designed to support a vari-
ety of storage technologies such as lithium-ion batteries, vanadium redox flow
batteries, pumped hydro, flywheels, advanced lead-acid batteries, and more.
While an initial focus has been placed on a small number of popular technolo-
gies (lithium-ion and redox flow batteries) it is expected that detailed models
for other storage technologies will be added as the specification evolves.
As MESA is built on Modbus, sufficient caution should be exercised to
implement security of the architecture as Modbus does not have a provision
for authentication. As such, the protocol must be augmented with security
features to ensure protection against cyber-attacks.
4.2 Financial Layer Implementation
The high cost of services provided by storage is known to be a major barrier
to the deployment of ESRs. Studies in [7, 17] have computed the levelized
costs of energy (LCOE) and levelized costs of capacity (LCOC) for various
storage applications, and in the computation of such costs it is assumed that
the ESR is primarily used for a single application. As the entire costs of
storage deployment have been allocated to a specific service in each case, the
resulting values of LCOE and LCOC are much higher than for conventional
resources. However, in reality, an ESR is almost always deployed to serve
more than one function. As such, the fixed and variable costs of the ESR
must be appropriately allocated to each of the services provided to compute
the true cost of each service. Furthermore, the impact of degradation must
be explicitly considered for the analysis to be meaningful. We perform such
an analysis to demonstrate the implementation of the financial layer of the
framework.
For the purpose of this study, we refer to the case of Xcel Energy, a dis-
tribution company in Minnesota which intends to use a BESS to defer the
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upgrade of an existing substation at Belle Plaine. The substation is expected
to reach its capacity within five years and thus would need to be upgraded
from a 69 kV source to 115 kV source. The 2 MW, 6 MWh BESS, along with
a 1 MW solar array is expected to shift the load curve so as to reduce the
load on the feeder and the transformer and defer the upgrade. Furthermore,
Xcel energy also proposes to use the BESS for
• Volt/Var control
• analysis of T&D system loss impacts
• provision of frequency regulation to the MISO market
• improving the power quality
• smoothening the output of the solar PV plant
The total cost of the BESS and the solar array is about $12.5 million as
reported by Xcel in its filing to MPUC [18]. While a traditional substation
upgrade would have cost the company about $6 million, Xcel energy claims
that the other benefits that would be provided by the BESS will outweigh
the high capital costs of the project. The multiple services provided by the
BESS provide an ideal case for the cost-effectiveness evaluation of ESRs.
For assessment purposes, we restrict our focus to the additional $6.5 mil-
lion invested by Xcel to obtain additional services from the BESS apart from
the substation upgrade deferral. After further deducting $1 million for the
PV solar array, the effective cost of the BESS results in approximately $5.5
million. This cost can also be inferred as the cost of providing frequency reg-
ulation, PV capacity firming, improving power quality and volt/Var control.
We assume that the time-allocation of these services is according to Fig. 4.1.
Next, for each service, the fixed costs are apportioned to the time-allocation
of these services. The fixed O&M costs of these services are assumed to be 3%
of the apportioned fixed costs. Charging costs are assumed to be $30/MWh.
The LCOE of PV integration is then computed according to the procedure
detailed in Appendix A
We provide in Fig. 4.2 the results of the LCOE analysis of PV integration
and the comparison with results from DOE-SANDIA 2015 [7], EPRI 2010
[8] and Lazard [17]. We note that frequency regulation is more defined by
the capacity (MW) offered than the energy (MWh) discharge required. As
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Figure 4.1: Allocation of various services
Figure 4.2: Comparison of LCOE values for PV integration from various
studies
such, we assume that each MW of capacity offered for frequency regulation
discharges 1250 MWh of energy annually [7]. Such an assumption allows us
to compare systems on the basis of capacity. We then compute the LCOC for
frequency regulation and compare it with results from DOE-SANDIA 2015
[7], EPRI 2010 [8] and LCOC of combustion turbine that is conventionally
used for frequency regulation in Fig. 4.3.
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Figure 4.3: Comparison of LCOC values for frequency regulation from
various studies
In both the cases, we note that our estimates are far lower than that
provided in the literature. This inconsistency arises from the implicit as-
sumption made in the literature that an ESR is used for a single application.
Such assessments treat the functionality of an ESR similarly to that of a con-
ventional grid asset and severely denigrate the true value that storage brings
to the system. However, as observed in this real-life example, storage is used
for multiple services. We keep this versatility at the thrust of our approach
and thus are able to demonstrate cost-effectiveness of various services that
storage provides.
4.3 Environmental Layer Implementation
In this section, we present two examples to illustrate the implementation of
the environmental layer of the framework. In one, we study the impact on
CO2 emissions of the Xcel Energy BESS project described in Sec. 4.2. In
another, we quantify the emission impacts of EVs.
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4.3.1 Xcel Energy Case Study
One of the use-cases of the Xcel Energy’s BESS project is to aid in inte-
gration of the energy produced by the PV solar array. Assuming one cycle
of charge-discharge each day, the maximum solar energy spillage that the
storage can avoid is 1676.81 MWh. From the latest data available in [19],
the carbon intensity of Minnesota’s resource mix is 188.84 kg/MWh. As
such, we find that by aiding in the integration of PV solar into the system,
the BESS helps reduce over 361 metric tonnes (MT) of CO2 annually. Fur-
thermore, figures from EPA indicate that the social costs of CO2 emissions
lie in the range of $11 – $56 per MT of CO2 emitted. As such, the social
cost reductions associated with the deployment of Xcel Energy’s BESS lie
anywhere between $3,483.13 and $17,732.29. If these savings are taken into
account, the cost of service provision calculated in Sec 4.2 may be reduced
even further. The environmental layer serves to address the quantification
of such benefits that the deployment of ESRs bring into the system they are
integrated into. As such, the environmental layer is a highly useful feature
of the proposed framework.
4.3.2 The EVEI
The case of EVs presents us with another interesting case to demonstrate the
implementation of the environmental layer for storage. A key motivator for
wider deployment of EVs is to bring about environmental cleanliness. This
goal is based on the fact that EVs do not emit tailpipe emissions. However,
the generation and transmission of the charge electricity produce emissions
that are not explicitly accounted for by current measurement metrics for EV
greenhouse gas (GHG) emissions and as such, the notion of environmental
cleanliness of EVs becomes questionable. To this end, we develop a useful
metric, the Electric Vehicle Emissions Index (EVEI), for quantification of
EV environmental impacts.
The EVEI is defined as the ratio of the total GHG emissions of an EV to
the total GHG emissions of a GV for the same distance with the total GHG
emissions of the vehicle considered including the emissions due to production,
transportation and consumption of the energy. We refer to Appendix B for
the mathematical expression of EVEI and details of the metric formulation.
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The EVEI explicitly considers the generation resource mix, the EV fuel
economy, and the loss components arising from the T&D and EV wall-to-
wheel efficiencies to compute the total CO2 emissions associated with elec-
tricity production to consumption stages. Subsequently, these emissions are
evaluated with respect to emissions of a GV, the most commonly used light-
duty vehicle in the US. Thus, an EVEI greater (lesser) than one indicates
that the EV under consideration is more (less) polluting than the reference
GV. The use of GV environmental impacts as a reference for the evaluation
of the EV environmental impacts allows for an intuitive interpretation of the
metric and provides useful information to the user.
To demonstrate the usefulness of EVEI and the nature of the insights it
provides, we evaluate the EVEI of a widely used EV — the Nissan Leaf with
a fuel economy of 30 kWh/100 miles. As the EVEI is resource mix specific,
we evaluate its value in the various regions of US. We also investigate the
effect of parameter uncertainty in the wall-to-wheel efficiency on the EVEI
values in these regions.
For the purpose of evaluation, we use the yearly average values of the car-
bon intensity of electricity γE available in the eGrid database [19]. Specifi-
cally, we use the values given for each state in the eGrid for the year 2010.
We convert the values specified in eGrid from lb/MWh to g/kWh using the
conversion factors of 453.592 g/lb and 1000 kWh/MWh. The wall-to-wheel
efficiency ηw is assumed to be 95 %. We then proceed to compute the T/D
efficiency for each US state, and for this purpose we use the state electric-
ity profiles available in [20]. These profiles contain the estimates of losses,
state generation and direct usage. The T/D efficiency ηsT/D for each state is
computed from this data as follows:
ηsT/D = (1−
losses
generation − direct losses )× 100 (4.1)
The reference case for GV is a fuel economy ρGV of 35.5 MPG — the
average fuel economy of a light duty passenger vehicle in US [21]. We use
the value of 8,887 g/gallon for the carbon intensity of gasoline γG and the
value of 1.25 for the k, the upstream emissions factor [22] in the calculation
of well-to-wheel emissions of the GV.
The computed values of EVEI of the Leaf across the various states of US
are presented in Fig. 4.4.
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Figure 4.4: The variation in EVEI values of Nissan Leaf EV on a
state-by-state basis in the US
4.3.3 Impact of Resource Mix
We find that the EVEI of the Nissan Leaf lies in the range of [0.067,1.017]
for the year 2010. The spatial differences in the EVEI of the Leaf arise due
to the change in the resource mix across the various states. We observe that
in the states of CO, IN, KS, KY, MO, NM, ND, OH, UT, WV and WY, the
CO2 emissions of the Leaf are nearly equal or higher than the emissions of
the reference GV. The high EVEI can be attributed to the fossil-intensive
resource mix of these regions. However, in the states of CA, CT, NH, NJ,
NY, ME, OR, VT and WA, the emissions of the same EV are about one–
third of the reference GV. The low EVEI in these states can be attributed
to the deeper penetrations of integrated renewable resources in their grids
The wide variation of EVEI for the year 2010 clearly indicates that zero
tailpipe emissions of the Nissan Leaf fail to capture the actual emissions
associated with electricity production, transmission and distribution. As
such, an EV may have a wide variation in emissions across different locations
and the formulation of EV policies and incentives needs to take this reality
into account.
Additionally, we study the impact of the deeper penetration of renewables
in the resource mix on the EVEI and present the results in Table 4.2. For
illustration, we perform our studies for the state of CA. We assume that in
the year 2010, the carbon intensity of electricity can be attributed solely to
the electricity generation from non-renewable resources. We then increase
the percentage of renewables in the resource mix and decrease the emissions
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from the non-renewables by a proportional amount. While such assumptions
may overly simplify the computation of carbon intensity of the resource mix,
the resulting approximation of EVEIs serves to provide valuable insights
into the reductions in emissions that can be achieved from the vehicle fleet
electrification accompanied by the transition to a cleaner generation mix.
Table 4.2: Impact of renewable penetration on the EVEI of Nissan Leaf
% renewables in
resource mix
EVEI decrease in emissions from base
case of 100,000 Leafs (kg of CO2)
28.75 (base case) 0.257 —-
33.33 0.241 4.79
50.00 0.180 23.97
4.3.4 Impact of Fuel Economy
In this section, we study the impact of the fuel economy of the Leaf to
observe sensitivity of the EVEI to the fuel economy of the EV. We vary the
fuel economy from 30 kWh/100 miles to 40 kWh/100 miles since this range
captures the fuel economy of most of the EV models available in the market
for the years 2012–2016. As can be seen from Eq. B.4, the EVEI increases
proportionally to the decrease in fuel economy of the EV. As such, for the
range of EV fuel economies selected, the Leaf, with the best fuel economy
of 30 kWh/100 miles, results in the lowest EVEI while an EV with a fuel
economy of 40 kWh/100 miles has the highest EVEI in each of the states.
The results of the sensitivity analysis are shown in Fig. 4.5. We see that in
many states, the fuel economy of the EV may be the key determinant in the
breakeven of emissions of the EV with respect to the GV.
Furthermore, the EVEI formulation also indicates that each percent im-
provement in fuel economy of the reference GV brings an equal percent-
age increase in the EVEI of the EV. In certain regions, such fuel economy
improvements can make the GV emissions comparable to those of an EV,
thereby rendering the claim that EVs are environmentally cleaner than GVs
questionable. The insight is particularly valuable in light of the tighten-
ing corporate average fuel economy standards [23] that have to be met by
the automobile manufacturers. In such scenarios, each percentage fuel econ-
omy improvement in the GV fleet has to be met by a marginal decrease in
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Figure 4.5: Variation of EVEI with fuel economy of EV across US; the
minimum (maximum) EVEI corresponds to a fuel economy of 30 kWh/100
mi (40 kWh/100 mi)
emissions of the resource mix to ensure that the EVEI of the EV does not
increase.
While fuel economy improvements in both EVs and GVs may decrease the
EVEI, transition to a cleaner resource mix may be a much stronger means to
reduce emissions from electric vehicle fleet due to two reasons. One is that
the marginal improvements in fuel economy become increasingly difficult
to attain for both EVs and GVs. The other reason is that fuel economy
improvements in newer model(s) may reduce emissions in a fraction of the
fleet comprised of that model(s), while cleaning the resource mix will decrease
the emissions from the entirely electrified fleet of vehicles in that area.
Furthermore, our results indicate that for a decrease in EVEI by 0.1, the
electrification of a fleet of hundred thousand vehicles decreases the CO2 emis-
sions by 312.92 kg. Such a result can provide a meaningful means to evaluate
the impacts of fleet electrification.
4.3.5 EVEI Applications
In this section, we illustrate the application of the framework implementa-
tion, more specifically, the EVEI in various areas of policy and incentive
formulation.
The EVEI provides a useful merit order for evaluation of the emissions
of from EVs and allows the side-by-side comparison of the environmental
impacts of EVs. An EV with a higher EVEI is more polluting than an EV
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with a lower EVEI with respect to the same reference GV. As such, the
EVEI overcomes the limitation of the current metrics that regard all EVs as
equally clean and gives valuable insights into the true environmental impacts
of EVs. This feature can play an important role in policy and incentive
formulation. One example is the application of EVEI in the formulation of
carbon tax for EVs. Another example is the CARB zero emission vehicles
mandate [24] that has been imposed on automobile manufacturers in CA
requires the manufacturers to earn a certain percentage of credits from the
sale of vehicles that emit zero tail pipe emissions EVs, hybrid electric vehicles
(HEVs), plug-in hybrid electric vehicles (PHEVs) and hydrogen fuel vehicles.
These credits are based on tail pipe emissions of a vehicle and thus consider
all the EVs to be equally and therefore are not fairly awarded to the EVs.
The EVEI can provide a meaningful basis for awarding these credits to the
EVs as well as for the formulation of carbon taxes for EVs.
The CA trend to reduce GHG emissions through increased sale of EVs
is expected to spread to other states. CT, MA, ME, NJ, NY, OR, RI and
VT, and D.C. have followed the CA suit and have imposed similar mandates
on the sale of EVs. However, such mandates need to consider the spatial
variation of the environmental impacts of an EV arising from the variation
in the resource mix of across different regions. These variations are captured
by the EVEI as the emissions from the resource mix have been explicitly
accounted for in the EVEI. Thus, the EVEI provides a valuable means of
quantification of the variation of environmental impacts of an EV across the
regions of its usage. Thus, the EVEI may provide a useful measure in the
formulation of region specific EV policies and incentives.
A third valuable characteristic of the EVEI is that it allows for the com-
parison of the emissions from an EV to that of a conventional GV. An EVEI
greater (lesser) than one indicates that the EV under consideration has higher
(lower) emissions than the reference GV. The high EVEI in such cases can
be typically attributed to a dirty resource mix. As such, in areas where the
EVEI of EVs is greater than one, the efforts to transition to EVs may be in-
adequate to reduce the GHG emissions from the transportation sector unless
accompanied by simultaneous efforts to transition to a cleaner generation re-
source mix. Thus, the EVEI of EVs in a region may be a useful basis for the
determination of the necessary renewable portfolio standards (RPS) required
for achieving the GHG reduction goals in the transportation sector.
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Additionally, the multiplication of the percentage increase (decrease) in
EVEI with the emissions of the GV or the denominator of the EVEI allows
us to compute the increase (decrease) in the emissions from the electrification
of each vehicle. As such, the EVEI provides an easy means to quantify the
reductions/increment in GHG emissions achieved from the electrification of
a fleet of vehicles.
Furthermore, the EVEI can be indicated on the EPA sticker or included in
the specifications given by the manufacturer to increase consumer awareness
of the environmental impacts of the EV in the area of usage. A survey
conducted by the California center for sustainable energy states that 22 % of
the participants who took the survey cited environmental considerations as
the primary motivator for purchasing EVs [25]. As such, EVEI can be useful
to EV owners as well.
The framework provided for computation of the CO2 emissions in the EVEI
can be easily extended to other GHG gases such as NOx, SOx etc. For in-
stance, diesel vehicles have gained popularity recently due to their higher fuel
economy and lower CO2 emissions. However, they emit more NOx emissions
than other vehicles. As such, the EVEI of EVs with respect to diesel-fueled
vehicles may be desired with NOx being the GHG of interest. In such sce-
narios, the EVEI may be obtained by replacing the carbon intensities of
electricity and gasoline with the nitrogen intensities of electricity and diesel
respectively.
4.4 Concluding Remarks
In this chapter, we studied various cases where the framework provided a
roadmap for the development of metrics towards the implementation of vari-
ous layers of the framework. First, we identified potential ways to implement
the information layer to bring the integration of ESRs into the ‘smart’ grid
closer to reality. Next, we established the cost-effectiveness of various ser-
vices provided by storage for the financial layer quantification. Lastly, we
illustrated the implementation of the environmental layer through the Xcel
Energy BESS and EV case studies. The results from these studies indicate
that the deployment of storage may not always be environmentally benefi-
cial, as touted in the literature. The environmental impacts of ESRs depend
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on many factors and must be evaluated on a case-specific basis. In some
cases, ESRs may not necessarily decrease emissions, as noted in the study
of EVs. Such insights are useful to investors, policy makers and researchers.
Metrics similar to the EVEI may be developed for the implementation of
environmental layer for deployment in different scenarios.
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CHAPTER 5
CONCLUSIONS
In this chapter, we summarize the work presented in this thesis and identify
directions for future work.
5.1 Summary
In this thesis, we presented the development of a framework for the inte-
gration of ESRs into a system, keeping in mind the unique and versatile
nature of storage. The framework is comprehensive, as it may be used to
represent both the wide range of ESR applications and the different grid
domains where the ESR can be deployed. Furthermore, the proposed frame-
work is able to represent the different aspects of storage deployment through
the physical, information, financial and environmental layers. The flows of
money and information between the various players, layers and the ESR is
also depicted. As such, the framework constitutes a useful construct for the
systematic analysis of storage deployment and operations.
We suggested some communication technologies and standards for the im-
plementation of the storage information layer. Storage projects may make
use of these suggestions to achieve the ‘smartness’ that is needed to match
pace with the changing reality of power systems.
We also studied some specific cases to illustrate the implementation of the
financial layer. In our studies, we evaluated the costs of various services that
are provided by storage. Our findings from the economic analysis indicated
that ESRs are indeed cost-effective when their versatile nature to provide
multiple services is exploited. However, we also note that with some tech-
nologies, particularly BESS, the intensive use of ESRs may accelerate their
degradation, and as such, affect the cost of service provision.
Additionally, we demonstrated the implementation of the environmental
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layer for storage by proposing the EVEI metric for quantification of environ-
mental impacts of EVs. The EVEI explicitly considers the emissions associ-
ated with the generation of electricity, T/D losses and wall-to-wheel losses
and computes the true environmental impacts of EVs in the area where they
are adopted. Furthermore, the proposed metric is the first to overcome the
notion that all EVs are equally clean on the basis of the total emissions asso-
ciated with an EV and therefore provides transparency in the assessment of
environmental cleanliness of EVs and a meaningful basis for the comparison
of different EVs. Illustrative results of the EVEI evaluation of Nissan Lean
across the different states of US show that if the resource mix is fossil inten-
sive, the Leaf may emit higher emissions than a conventional GV. As such,
the notion of environmental cleanliness of EVs may completely fail in such
scenarios and the design of policies and incentives should take this reality
into account.
Through these case studies, we found that the framework proposed in the
thesis can be highly useful for planning and investment studies, formulation
of operational strategies, development of models and design of policies and
incentives.
5.2 Future Work
Future work can make use of the framework to suggest approaches to policy
design, propose new models for storage analysis and devise new schemes to
manage ESRs. Some specific directions are to assess the economics of ESR
services that have not been covered under the scope of this thesis. These
assessments may also present a cost comparison of services from different
storage technologies. Furthermore, new metrics for quantification of emis-
sions of mixed fuel vehicles such as hybrid electric vehicles and plug-in hybrid
electric vehicles may be developed using the approach used for EVEI. Ad-
ditionally, metrics and tools may be formulated to assess the environmental
impacts of storage at the bulk power level. Future work may also address
issues related to safe disposal of ESRs after their useful lifetime.
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APPENDIX A
THE TESLA POWERPACK LCOE
ANALYSIS
Tesla CEO Elon Musk announced the Powerwall and Powerpack Li-ion bat-
teries for residential and utility- scale storage systems, respectively. These
batteries will be manufactured in the Nevada Tesla Gigafactory, whose planned
2017 battery production will provide 35 GWh of energy storage capability.
The Tesla Powerpack is a 100-kWh battery for utility and industrial-scale
storage applications. The scalable Powerpack unit is capable to provide 2-4
hours of continuous net power discharge using grid-tied-bi-directional invert-
ers. We provide a LCOE analysis of the Powerpack unit, which is priced
at 250 $/kWh, much lower than the prevailing 500-1,450 $/kWh costs for
battery storage.
We consider a 100 MWh ESR made up of 1,000 Tesla Powerpack units and
assume:
• the lifetime of each storage unit at the assumed d.o.d. and one daily
cycle of charge-discharge is 10 years
• the storage capability reduces to 80% of its initial storage capability at
the end of its lifetime
• linear storage capability degradation over time
• each storage unit is charged during low-load hours
• O&M costs are 3% of the levelized fixed costs
The other parameters and assumptions are detailed in Table A.1
We compute the LCOE as
LCOE =
ammortized fixed costs + variable costs
average annual energy
(A.1)
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In Eq. A.1, the average annual energy is the total energy discharged over
lifetime considering degradation into account divided by the lifetime (in
years) of the Tesla Powerpack.
Table A.1: The Tesla Powerpack economic analysis
item value
total storage capability 100 MWh
round-trip efficiency 92%
depth of discharge 0.8
total fixed costs $ 25, 000, 000
discount rate 5%
charge electricity price 30.25 $/MWh
electricity price escalation rate 5%
Through our computations, we find that the LCOE of the Tesla Powerpack
for the given set of assumptions is 187.68 $/MWh Furthermore, the total
energy discharged over lifetime by the Tesla Powerpack is 226,665 MWh,
i.e., the average annual energy discharged is 22,666.5 MWh. We observe the
sensitivity of the Tesla Powerpack to its lifetime and O&M costs in Fig. A.1
and Fig. A.2 respectively.
Furthermore, we provide a comparison of the LCOE with other storage
devices in Table A.2.
Table A.2: Comparison of LCOE of different storage technologies
attribute Tesla
Powerpack
storage unit
A
storage unit
B
storage capability (MWh) 100 100 100
costs/kWh ($) 250 500 350
efficiency (%) 92 75 84
lifetime (years) 10 30 15
LCOE ($/MWh) 188 256 217
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Figure A.1: LCOE sensitivity to lifetime of Tesla Powerpack
Figure A.2: LCOE sensitivity to maintenance costs of Tesla Powerpack
37
APPENDIX B
EVEI FORMULATION
B.1 Considerations in the EVEI Formulation
In this appendix, we discuss the fuel pathway of electricity to analyze the
various considerations that must be taken into account for EVEI formula-
tion. We then briefly discuss the fuel pathway for GV to understand the
computation of emissions from the reference GV.
An EV is powered by a battery that is electrically charged, typically by
the grid, and therefore the CO2 emissions from a EV are based on the fuel
pathway of electricity. Thus, the explicit considerations in the formulation of
the EVEI must include emissions associated with electricity generation and
its transmission and distribution to finally charge the EV. In this section,
we discuss in detail each of these factors and describe the mathematical
formulation of the metric with the inclusion of these factors.
The electricity used to charge the EV is generated by a mixture of fuels,
known as the generation resource mix, or simply the resource mix. Power
plants that use fuels such as coal, natural gas and petroleum emit significantly
higher emissions than other energy generation technologies such as wind,
solar, hydro and nuclear that emit low or near zero emissions. Thus, the
CO2 emissions associated with the generation of electricity depend on the
resource mix used for generation.
However, there arise many complications in the incorporation of the re-
source mix in the metric. One reason is that there is significant variation in
the types of electric power plants across the United States, and the emission
rates differ greatly among them. Furthermore, the emission rates also vary
with the unit commitment and dispatch of various power plants to meet the
load [26] as indicated in Fig. B.1. These dispatch patterns vary with season
and also with time of day. For example, low load periods during the night can
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be met mostly by fossil-fired base load power plants, but a more diverse mix-
ture of power plants with a higher proportion of renewables/storage meets
offpeak loads. A second factor that adds to the complexity is the consider-
ably lengthy charging process of an EV (6-8 hours) [27], during which the
resource mix may change. Furthermore, the charging of an EV need not
occur at the same time each day, and therefore, the resource mix that is used
to charge the EV cannot be forecasted. Lastly, it is also difficult to ascer-
tain the source of generation of the energy used by an EV since the gigantic
US electricity system is comprised of smaller interconnected networks and
electricity is traded among these networks.
Figure B.1: Hypothetical dispatch curve from summer 2011 [28]
Once the electricity is generated at the source, it is delivered for usage
to the EV battery through the T/D network. However, the output energy
at the point of consumption is not equal to the energy input at the source
due to various system losses. Each loss component is associated with addi-
tional energy that must be produced and its attendant emissions, and thus
must be accounted for the determination of the overall emissions involved.
Consequently, the loss components must be explicitly accounted for in the
formulation of EVEI.
There are two major loss components in the path from the source of gen-
eration to the point of consumption, i.e., at wheels of the EV. One is the
portion of energy that is lost in the process of T/D. This loss is dictated
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by the grid T/D efficiency. T/D efficiencies of US states lie in the range
of 92–98% and are fairly uniform across the US subcontinent. Therefore, a
fair approximation of the T/D losses can be made even if the exact pathway
of the electricity from the generation to the EV may be difficult to ascer-
tain accurately. We refer to the second loss component as the wall-to-wheel
losses. This loss component includes the losses that are unique to an EV and
occur from the point of distribution – the power outlet on the wall to the
point of usage – the wheels of the EV. The wall-to wheel losses may include
the losses associated with the climate-related effects on the efficiency of the
EV [29] and the losses that may occur during the considerably lengthy charg-
ing process of an EV, for example, losses in conversion of AC/DC power and
losses associated with charging equipment efficiency [30]. The fuel pathway
of electricty and the associated emissions have been summarized in Fig. B.2.
Figure B.2: Emissions associated with the fuel pathway of electricity
A final factor to be accounted for in the formulation of the metric is the
fuel economy of the EV. The fuel economy of any vehicle is the energy it
consumes to travel a specified distance. Fuel economy reflects the efficiency
of the vehicle powertrain. The fuel economy of an EV is expressed as the
energy consumed by the EV in kWh to travel a distance of 100 miles. Thus,
the fewer the kWh/100 miles travelled by the EV, the less its environmental
impacts. In contrast, the fuel economy of a GV, which is the reference vehicle
in our work for the measurement of emissions, has an inverse measure for the
measurement of fuel economy – miles per gallon (MPG), i.e., the distance
travelled by the GV for a gallon of gasoline consumed. Thus, the higher the
MPG of a GV, the less fuel it consumes and the lower its emissions.
We now proceed to define our metric, the EVEI, and describe its mathe-
matical formulation to include the effects of key factors discussed above.
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B.2 Mathematical Formulation
The first step towards the mathematical formulation of EVEI involves the
computation of the total emissions of an EV, εEV associated with a travel of
a distance d. For this purpose, we require the knowledge of four parameters:
the carbon intensity of electricity γE, i.e., the emissions associated with the
generation of each unit of electrical energy used to charge the EV, the effi-
ciency of the network used to transmit the electricity to the EV ηT/D, the
wall-to-wheel efficiency of the EV ηw, and the fuel economy of the EV ρEV .
We use the fuel economy to compute the energy that is consumed by the EV
for travelling a distance of d, and we use ηT/D and ηw to compute the total
energy E that is required to be generated at the source to supply the energy
to the EV and the associated losses. E can be expressed as
E =
d · ρEV
ηT/D · ηw (B.1)
For the computation of the emissions, we ignore the temporal variation of
the resource mix and assume the γE to represent the average value of the
emissions over time. We then multiply this energy by γE to obtain the total
emissions εEV that are associated with the EV usage.
E =
γE · d · ρEV
ηT/D · ηw (B.2)
The next step involves the computation of the emissions from a reference
GV. For this purpose, we require the knowledge of the fuel economy of the
GV ρGV , the upstream emissions factor k and the carbon intensity of gasoline
γGV , i.e., the CO2 emissions produced per unit of gasoline burnt. The fuel
economy ρGV allows us to calculate the quantity of gasoline that needs to be
combusted for the GV to travel d. The resulting quantity of gasoline, multi-
plied by the carbon intensity of gasoline, yields the tailpipe emissions of the
GV. However, the well-to-wheel emissions, i.e., the total emissions associated
with the GV, are different from the tailpipe emissions due to the additional
emissions that are produced during the production, transportation, storage
and refining processes of gasoline. We make use of the upstream emissions
factor to capture these additional emissions associated with a GV. The mul-
tiplication of the tailpipe emissions of the GV by the upstream emissions
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factor gives us the total well-to-wheel emissions associated with the usage of
the reference GV εGV for travelling the same distance as the EV.
εGV =
γG · k · d
ρGV
(B.3)
The final step in the computation of the EVEI is the division of the total
emissions of the EV by the emissions from the EV. The expression for EVEI
φ can be then written as given in equation B.4.
φ =
ρGV · ρEV · γE
ηT/D · ηw · k · γG (B.4)
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